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EXECUTIVE SUMMARY

During this second phase of our NREL Subcontract period we have focused primarily upon
the characterization of hydrogenated nanocrystalline Si (nc-Si:H) produced at United Solar
Ovonics Corporation. In addition, we examined a couple of amorphous germanium (a-Ge:H)
samples produced by the ECR method at Iowa State University. Our studies of the ECR a-Ge:H
confirmed the superior electronic properties of the lowa State a-Ge:H material, both in terms of
the DLCP deduced defect densities, and the TPC deduced Urbach energies.

In our studies of the USOC nc-Si:H samples we found DLCP state densities in the 10" to
10" cm™ range. Very little temperature dependence was observed, indicating that the majority
of these are shallow donor-like states. For all 3 samples studied we observed that the DLCP
densities increased in the direction of film growth. This is consistent with observations at USOC
that the crystallinity size increases as the films become thicker. Our transient photocapacitance
measurements disclosed a sub-band-gap spectrum that evolved from a very pc-Si:H appearance
at lower temperatures (200K), to a very a-Si:H like in appearance at moderate temperatures
(300K). We believe this change in appearance results from improving hole carrier collection as
the temperature is increased which then diminishes the photocapacitance response of the nc-Si:H
component in these materials. However, the hole carrier collection remains relatively poor in the
a-Si:H component in these nc-Si:H samples so that the TPC signal in that component thus
becomes dominant in the higher temperature regime even though its volume fraction is
undoubtedly fairly small. Thus, our TPC method allows us to examine the electronic properties
of both components in these mixed phase materials.

Finally, we have begun to examine the effects of light-induced degradation in these nc-Si:H
materials. The DLCP measurements actually showed very little change with light soaking, even
after 100 hours at 100mW/cm®. However, significant degradation in the hole carrier collection
properties were observed in the TPC measurements. However, we did not any increase in any
specific spectral feature or defect band that might provide a clue for a mechanism that might be
responsible for this reduction in hole collection.



1.0 INTRODUCTION

The work carried out in Phase II under NREL Subcontract ADJ-2-30630-17 has
concentrated on two types of studies. First, we examined a-Ge:H samples prepared in Vikram
Dalal’s laboratory at Iowa State University. Using their ECR growth technique and a very high
degree of hydrogen and/or helium dilution, they have recently reported high Ge fraction
a-S1,Ge:H material with good electronic properties as well as solar cell devices with fill factors
in excess of 0.6 for alloys with Tauc gaps below 1.4eV.[1] To help verify the superior electronic
properties of this material my laboratory characterized the electronic properties of a couple

samples of their pure a-Ge:H material.

Second, we began an evaluation of the microcrystalline Si material currently being
developed by scientists at United Solar Ovonics Corporation (USOC). Because this material is
actually a hydrogenated nanocrystalline form of Si it will be denoted in this report as nc-Si:H. It
is hoped that such a material may ultimately be able to replace one of a-Si,Ge:H layers in an
amorphous silicon triple junction device. Initially it had been found that these films were
particularly susceptible to post-deposition oxygen contamination. This could be prevented by
depositing capping layers of a-Si:H. Thus, we obtained two samples in a sandwich configuration
(nc-Si:H between two thinner a-Si:H layers), but included one p-i-n nc-Si:H sample for

comparison.

In the Sections that follow, we first describe the samples studied and then briefly review the
experimental techniques employed. In Section 4 we discuss our results concerning the a-Ge:H
material obtained from Iowa State. In Section 5 we present our preliminary results on the nc-
Si:H material obtained from USOC. Finally, in Section 6 we will summarize our findings and

try to draw some general conclusions.

2.0 SAMPLES

2.1 IOWA STATE AMORPHOUS GERMANIUM

We obtained a couple a-Ge:H samples prepared in Vikram Dalal’s laboratory at lowa State
University that were depostion using their ECR growth technique. These samples were
deposited in a “half-device” sample configuration: SS/n'/a-Ge:H. The a-Ge:H films were
deposited at 260-270°C with a H,:GeH, dilution ratio of 100:1. The a-Ge:H film thickness was
0.3um. Our test devices were completed by depositing Cr Schottky barrier contacts on the top
surface.
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FIG. 1(a). Capacitance (solid lines) and FIG. 1(b). Arrhenius plot of the inflection
conductance (dotted lines) vs. temperature for points of the capacitance step vs. frequency
Iowa State a-Ge:H sample 6059 at OV applied displayed in Fig. 1(a) reveals the activation
bias at seven measurement frequencies. energy of conductivity.

Initially we had some difficulty identifying a metal for the top contact that would lead to a
good Schottky barrier. Our usual choice for a-Si,Ge:H alloy samples in the past was Pd;
however, these did not produce good blocking contacts. Ultimately, we found that Cr contacts
produced usable, but somewhat leaky, Schottky barriers. An admittance scan (capacitance and
conductance vs. temperature) is displayed in Fig. 1(a). This set of data reveals a well-defined
junction capacitance; however, the conductance is rather large at all frequencies. This means
that some extra care needed to be taken to separate the capacitance and conductance phases of
the current response. The step increase in the capacitance is thermally activated (see Fig. 1(b))

and discloses the conductivity activation energy for this a-Ge:H sample (about 0.22 eV).

2.2 UNITED SOLAR NANOCRYSTALLINE SILICON

All the nc-Si:H devices studied during this period were fabricated at United Solar. They
are listed in Table I. A purely nc-Si:H p-i-n device containing a 1000 nm intrinsic layer had a
SS/n"/i/p /TCO structure. The two sandwich devices consisted of roughly 700nm thick nc-Si:H
layers clad between two 200 to 250nm thick a-Si:H layers in a SS/n+/a-Si:H/nc-Si:H/a-Si:H
structure. These two samples were grown using different levels of hydrogen dilution. We
deposited a Pd Schottky barrier on top of each such sandwich sample device for our

measurements.

There are a couple reasons for fabricating and characterizing nc-Si:H in these two

different device structures (sandwich vs. pin). First, we wanted to discriminate against effects of



Table I. United Solar nc-Si:H samples studied during this Subcontract year.

Sample # Device Type nc-Si:H thickness Hydrogen Dilution a-Si:H layer thickness
(nm) (nm)

14140 Sandwich 770 Standard 2x250

14657 Sandwich 640 25% Less 2x250

12123 p-i-n 1000 Standard None

possible oxygen contamination of the nc-Si:H which are inhibited by the a-Si:H cladding layers
in the sandwich structure. However, we also wanted to understand any possible effects of the a-
Si:H layers on our results. We expect these layers to behave only as insulating layers in our
measurements provided we work at sufficiently low temperatures. Results on the p-i-n structure
can be used to check this since it only contains nc-Si:H. However, the p-i-n sample also contains
heavily doped n and p layers which may also partially obscure the response due to the intrinsic
layer itself.

3.0 EXPERIMENTAL CHARACTERIZATION METHODS

The measurements employed in our studies rely on a set of experimental techniques
which have all been described previously in some detail. They consist of (1) admittance
spectroscopy as a function of temperature and frequency, (2) drive-level capacitance profiling,
and (3) transient photocapacitance taken together with transient junction photocurrent
spectroscopy. Here we will describe each method only very briefly and review what kind of

information is obtained from each type of measurement.

3.1 ADMITTANCE SPECTROSCOPY

Our Schottky diode samples contain a depletion region which is characterized as a
function of temperature and frequency [see, for example, Fig. 1] before we undertake the more
sophisticated capacitance based measurements described in Sections 3.2 and 3.3 below. Such
measurements provide us with an estimate of our film thickness (the temperature independent
region at low T is simply related to the geometric thickness, d, by the formula C = ¢A/d), and an
Arrhenius plot of the frequency of the lowest temperature capacitance step (or conductance
peak) vs. 1/T provides us with the activation energy of the ac conductivity, E5, which we
identify with the Fermi energy position: Eg=E_- E_.[2] These admittance measurements also
give us an indication of the quality of our Schottky barriers which allow us to pre-screen our
samples for further study.



3.2 DRIVE-LEVEL CAPACITANCE PROFILING

The drive-level capacitance profiling method has been described in detail in many
publications [3,4]. It is similar to other kinds of capacitance profiling in that it provides us with
a density vs. distance profile; however, this particular method was developed specifically to
address the difficulties encountered in interpreting capacitance measurements in materials with
defect densities comparable to carrier densities. In this method we monitor the junction
capacitance both as a function of DC bias, Vi and as a function of the amplitude of the
alternating exciting voltage, V. One finds that to lowest order this dependence obeys an

equation of the form:
C(VB,SV) = CO(VB) + CI(VB) oV + ...

and that the ratio
C,

N - v
P 2g,64°C,

(1)

is directly related to the free carrier density, n, plus an integral over the density of mobility gap
defect states:

E}
Ny =n+ jEC_EE g(E)dE @)

Here E_ O is the bulk Fermi level position in the sample and E¢ depends on the frequency and

temperature of measurement:
Ee(0T) = k;Tlog(v/o) 3

Thus, by altering the measurement temperature (or frequency) we obtain information about the
energy distribution of the defects and, by altering the applied DC bias, we can vary the spatial
region at which we detect the defects in the sample. That is, we can spatially profile the defects

as a function of the position from the barrier interface.

3.3 TRANSIENT PHOTOCAPACITANCE AND PHOTOCURRENT

The methods of junction transient photocapacitance and photocurrent have been discussed
by us in great detail over the years in the literature [5,6,7] and also in previous NREL reports.
They represent types of sub-band-gap optical spectroscopy and provide spectra quite similar in
appearance to PDS derived sub-band-gap optical absorption spectra or to CPM spectra. Instead



FIG. 2. Schematic of four
different types of sub-bandgap
optical transitions. Optical
tran-sitions are shown by the
wavy lines, and thermal
transitions are shown by the
vertical solid arrows.
Horizontal arrows indicate the
subsequent motion of the
released carriers.

< Toward Barrier Junction

of detecting absorbed energy, however, our photocapacitance and photocurrent transient methods

detect the optically induced change in defect charge within the depletion region.

In this method the space charge region of the semiconductor near the barrier junction is first
subjected to a voltage "filling pulse". This pulse causes a non-equilibrium (filled) occupation of
gap states to be established. As time progresses, the initial steady-state population is recovered
through the excitation of trapped electrons to the conduction band where they can then move out
of the depletion region under the influence of the electric field. In the dark this process proceeds
entirely by the thermal excitation of trapped carriers. However, this process can be enhanced
through optical excitation and this is the basis of the photocapacitance and junction photocurrent

techniques.

The re-equilibration can be observed by the redistribution of trapped carriers, either as a
change in the junction capacitance (which occurs because the depletion region will contract as
negative charge is lost and the positive charge density increases) or by monitoring the current
which results from the motion of this charge. However, the observation of capacitance transients
has one significant difference compared to current transient measurements: The dominant type
of emitted carrier (electron or hole) can be identified by the sign of the observed change in

capacitance.

Unlike the CPM method, both of our junction based techniques are not greatly influenced by
the free carrier mobilities since, once an electron (or hole) is optically excited into the

conduction (valence) band it will either totally escape the depletion region on the slow timescale



of our measurement (0.1 to 1s) or be retrapped into a deep state and not escape. In most cases
we assume that almost all of the optically excited majority carriers (electrons) do escape but, in

general, only a fraction of the minority carriers (holes).

In Figure 2 we have separated the types of optical transitions involving gap states into four
types.[8] Type (a) is the removal of an electron from an occupied defect level into the
conduction band with the subsequent escape of the electron. Type (b) represents the optical
excitation between the valence band and an unoccupied defect states with the subsequent escape
of the valence band hole. Such a transition results in a photocapacitance signal of negative sign.
Generally, such negative photocapacitance signals occur only in very intrinsic material and are
even fairly rare in those cases. They have been most prominently observed in some a-Si,Ge:H

samples [9], and in some mixed phase a-Si:H / nc-Si:H samples [10].

Transitions of type (c) are similar to type (a) except that, because the hole left in the gap
state lies close to the valence band, it will be quickly thermally emitted into the valence band
where it then also escapes the depletion region. Such a case results in no change in charge state
within the depletion and, hence, no photocapacitance signal. Similarly, [Type (d)] for a
transition from the valence band into an unoccupied gap state close to the conduction band, the
electron will be quickly thermally emitted into the conduction band and leave the depletion

region as well, with nearly zero photocapacitance signal.

We expect that transitions of types (c) and (d) will be dominant when the photon energy lies
only slightly below the bandgap energy. For such transitions each photon effectively produces
one valence band hole plus one conduction band electron with no net change in the gap state
occupation. However, we generally find that the photocapacitance signal in this energy regime
does not vanish; rather, it is substantially positive. This thus indicates that photogenerated
electrons are more likely to escape the depletion region than photogenerated holes. Moreover,
while transitions of types (c¢) and (d) result in small changes in the junction capacitance, they

result in a large junction photocurrent.

In general terms, if our sub-bandgap light results in n. electrons and n; holes leaving the
depletion within the experimental time window, then the junction photocurrent signal will be
proportional to n. + n,, while the photocapacitance signal will be proportional to n, — n,. Thus,
it is really only by measurements of both the transient photocapacitance (TPC) signal as well as
the transient photocurrent (TPI) signal that we can truly distinguish the quantities of holes and
electrons excited out of the depletion region due to the sub-bandgap light. This ability to
distinguish electron from hole processes is unique among all the various types of sub-band-gap
optical spectroscopies.



4.0 ELECTRONIC PROPERTIES OF ECR DEPOSITED AMORPHOUS GERMANIUM

We characterized the a-Ge:H material deposited at lowa State University using the ECR
method by employing the drive-level capacitance profiling (DLCP) technique, and transient
photocapacitance (TPC) spectroscopy, as described in Section 3 above. A series of 330Hz drive-
level profiles is shown in Fig. 3 and indicates defect densities near the mid 10'® cm™ level. The
fact that these profiles do not change appreciably with temperature indicates that these defects
must lie fairly close to the conduction band mobility edge. Specifically, to respond at 180K to

the 330Hz oscillating voltage indicates an activation of less than 0.4eV.

In Fig. 4 we display both a transient photocapacitance and a junction transient
photocurrent spectrum for this a-Ge:H sample. Both spectra are nearly identical and indicate a
42 meV Urbach energy and a defect band shoulder consistent with the DLCP estimate of a mid
10'° cm™ defect density for this sample. These spectra also indicate an optical (Eq4) optical gap
of roughly 1.3eV. Such a narrow bandtail and low defect density indicate that this a-Ge:H
material is of the highest quality. Indeed, it appears superior to all such samples we have
measured with the possible exception of the Harvard cathodic glow discharge a-Ge:H
samples.[11] In addition, the indicated high quality of these electronic properties is reflected in
the excellent performance of the solar cell devices that has recently been demonstrated by the

Dalal group for these alloy materials [1].
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5.0 PROPERTIES OF UNITED SOLAR NANOCRYSTALLINE SILICON

Simple variations in the growth parameters used to deposit hydrogenated amorphous silicon
(a-Si:H) result in the growth of a form of hydrogenated microcrystalline silicon with crystallite
sizes less than 10nm: Hydrogenated nanocrystalline silicon, nc-Si:H. Such materials have been
studied seriously for solar cell applications for over a decade [12]; however, only fairly recently
have attempts to fabricate high efficiency a-Si:H/nc-Si:H tandem cells shown a reasonable
degree of success.[13] Compared to a-Si:H, however, the range of materials called micro- or
nano-crystalline silicon is enormous. Not only is there the important variable of crystallite size,
but also issues such as the degree of a-Si:H contained between the crystallites, the role of
hydrogen in passivating grain boundaries, oxygen contamination [14], and the variation of these
properties as a function of film thickness [15] are expected to play a crucial role in determining
the electronic properties of these materials. We have begun an effort to understand this class of
materials. The specific goals include identifying the active defects and understanding their
effects, characterizing the carrier densities and transport properties, and identifying under what
conditions such materials may exhibit types light-induced degradation similar to a-Si:H. In the
preliminary studies reported here, we will discuss some results using admittance spectroscopy,
drive-level capacitance profiling, and transient photocapacitance studies on the three samples

obtained from United Solar Ovonics Corporation that were described in Section 2 above.
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5.1 ADMITTANCE AND DRIVE-LEVEL CAPACITANCE PROFILING STUDIES

It had been found that nc-Si:H films were susceptible to post-deposition oxygen
contamination which could be prevented by depositing capping layers of a-Si:H. Thus, we
requested for study an initial sample (14140) that was a 3-layer sandwich consisting of .a 700nm
thick nc-Si:H layer clad between two 200 to 250nm thick a-Si:H layers in a SS/n+/a-Si:H/nc-
Si:H/a-Si:H structure. We finished our test devices by depositing a Pd Schottky barrier contact
on the top surface. In Fig. 5 we display a capacitance voltage measurement for this sample
device extending over both forward and reverse biases. These measurements reveal, in spite of
the n" contacting layer at the substrate, that we actually have blocking contacts for both
polarities. We suspect that this behavior occurs as a result of the a-Si:H/nc-Si:H interfaces on
both sides of the nc-Si:H layer. The CV dependence indicates an effective doping level of
roughly 10"° cm™.

In Fig. 6(a) we display the variation of capacitance with temperature at +0.5V applied bias
for a series of seven measurement frequencies. We can see that there are two prominent
features: First, there is a large capacitance step lying between 200 and 300K (depending on the
frequency). The frequency vs. temperature of the inflection point of this capacitance step
exhibits Arrhenius behavior as is shown in Fig. 6(b). Initially we thought that this large
capacitance step was due to the activation of conduction of the nc-Si:H material. However, the
fact that the capacitance below this step varied with applied bias (see Fig. 5) contradicted this
interpretation. That is, if conduction in the nc-Si:H became frozen out then we would simply
observe a bias independent geometric capacitance at temperatures below the step. We currently
believe that, rather than indicating a deep defect level, the capacitance step most likely indicates
the onset of participation of states at the nc-Si:H/a-Si:H interfaces to the capacitive response.
Such an interface state
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response will often exhibit an activation energy of half the gap, particularly if it arises primarily

from minority carrier trapping at such interfaces [16].

We obtained a very similar capacitance step and activation energy for the p-i-n sample
12123 as well [see Fig. 6(b)]. This tends to confirm our interpretation of the step since the
thermal generation of carriers will be the same as for the sandwich sample, but the prefactor
would be expected to be quite different since it would depend on the density and character of

states located in this case at the p-i and/or the n-i interfaces.

The capacitance value in the intermediate temperature region in the sandwich sample is
slightly below 100pF, and this corresponds to a total depleted width of roughly 0.9um. We
believe this corresponds to the two a-Si:H layers (roughly 0.5um) plus a depleted region inside
the nc-Si:H layer (of roughly 0.4um). Below a temperature of roughly 130K we note that the
capacitance exhibits another step. Although it is not clear what the asymptotic capacitance value
will reach below this step, it appears that it will lie at or slightly below 80pF. This would
correspond to a thickness of 1.15um, or roughly the total thickness of all three layers. Thus, we
believe the lowest temperature capacitance step exhibited in Fig. 5(a) actually corresponds to the
dielectric freeze-out of conduction in the nc-Si:H layer itself. We note that this appears to occur

at quite a low temperature compared to a-Si:H.
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device. Note the small variation of these Si:H/a-Si:H multilayer sample showing a
curves with temperature which indicates that similar qualitative behavior to that of the
the responding states are relatively shallow. p-i-n device.

We next characterized these samples using the drive-level capacitance profiling (DLCP)
technique. A series of 3.3kHz drive-level profiles for the pin sample device is shown in Fig. 7,
and indicates densities near the mid 10" cm™ level. However, the variation of these densities
with temperature is quite small. This suggests that the majority of the responding states are
shallow donor-like states. A small component of deeper defects may be indicated by the
difference between the high and low temperature profiles. For this sample we see that any
deeper defect density appears to be less than 1x 10" cm™. A similar series of drive-level
profiles is displayed in Fig. 8 for the multilayer sample. These appear to be qualitatively quite
similar to those of the pin device except that they indicate a doping density perhaps twice as
large as those for the pin device. For this device there is a larger horizontal shift with varying
temperature which is probably due to the increasing response of the a-Si:H layers at temperatures
above 300K. If one attempts to correct for this, then the variation of apparent density with
temperature becomes much smaller and more consistent with those of the pin device. It is
interesting to note in both types of devices that the density becomes substantially smaller as we
move toward the substrate part of each device.

5.2 SUB-BAND-GAP PHOTOCAPACITANCE SPECTROSCOPY

In Figures 9 and 10 we display two types of sub-band-gap spectra. The first, in Fig. 9, is a
CPM spectrum for hydrogenated microcrystalline silicon (uc-Si:H) taken from the literature
[17]. The second, in Fig. 10, is a set of transient photocapacitance (TPC) spectra, taken at three

different measurement temperatures, for one of the United Solar nc-Si:H sandwich sample

12
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FIG. 10. TPC spectra for one sandwich nc-Si:H
FIG. 9. CPM spectrum for pc-Si:H taken  sample device at three measurement temperatures.
from the paper by M. Vanecek et al [17]. Note  Note that at 180K the spectrum appears very
the high S/N at low photon energies that was  similar to that for pc-Si:H shown in Fig. 9 with
achieved by employing Fourier transform  similarly good S/N. However, at 280K the spectum
spectrometry. appears similar to sub-band-gap spectra for a-Si:H.
devices. It is quite striking that, at the lowest measurement temperature (180K), the TPC
spectrum appears quite similar to the CPM spectrum for pc-Si:H, while at the highest
measurement temperature (280K), the TPC spectrum appears very similar to what one would

expect for hydrogenated amorphous silicon!

We believe that the variation in the appearance of the TPC spectra indicates the mixed phase
nature of the United Solar nc-Si:H material. Specifically, we believe that the evolution of the
appearance of these spectra from being more pc-Si:H like at lower temperatures to more a-Si:H
like at higher temperatures is due to the suppression of the nc-Si:H signal component when a
majority of minority carriers is able to escape the depletion region during the photocapacitance
measurement time window. This cancels the charge change (and hence the photocapacitance
signal) caused by the escape of the optically excited majority carriers that is dominant at the
lower temperatures. (See the discussion in Section 3.3 above). In contrast, the minority carriers
generated in the amorphous silicon component of the sample appear to remain trapped and so

this component of the sample dominates the spectrum above 280K.
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FIG. 11. Photocapacitance spectra for one FIG. 12. Photocapacitance spectra for the

a-Si:H/nc-Si:H/a-Si:H multilayer sample at pin nc-Si:H device at two measurement
two measurement temperatures. The spectra temperatures. Note the similar appearance
indicate both nc-Si:H and a-Si:H components. to that of the multilayer device of Fig. 11.

Initially we were not certain whether the a-Si:H component of the signal in Fig. 10 came
from the nc-Si:H layer itself or from the a-Si:H layers of this multilayer device. The latter
possibility did not seem likely at these low measurement temperatures since the conductivity in
the a-Si:H layers would be too low to respond to a kHz oscillating voltage. In Figures 11 and 12
we compare TPC spectra for the second sandwich sample with the purely nc-Si:H pin device.
We see that both exhibit very nearly the same type of temperature dependence. Therefore, the
fact that the pure nc-Si:H device exhibits qualitatively the same type of spectra confirms that the
a-Si:H component of these spectra arises because the United Solar nc-Si:H material is a
composite containing a significant fraction of a-Si:H. This conclusion has recently been verified

by XRD measurements on similar United Solar nc-Si:H films.[18]

5.3 LIGHT INDUCED EFFECTS IN MICROCRYSTALLINE SILICON

Although it has been reported that nc-Si:H is largely immune from the light induced
degradation effects exhibited by a-Si:H [14, 19], recent studies on the performance of nc-Si:H
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citance spectra in State A and after 2 periods
of light soaking. We believe that the increase
in the magnitude arises primarily from a
decrease in the hole carrier collection.

photocapacitance spectra in State A and
after 2 periods of light soaking. Note the
continued increase in the nc-Si:H signal
component of these spectra after 30 hours
of exposure.

solar cell devices fabricated at United Solar [20] have revealed a 7 to 10% loss in efficiency after
prolonged exposure. However, as mentioned above, no evidence for changes in the electronic
properties have been found thus far in our admittance or DLCP measurements. In Fig. 13(a) we
display a series 200K TPC spectra for sample 14140 in State A and after 3 and 30 hours of light
soaking, with red filtered (610nm) ELH light at 100mW/cm” intensity. At this temperature the

nc-Si:H spectral response is clearly the dominant component that is observed.

This series of spectra clearly shows a significant change (an increase in magnitude) after the
initial 3 hours of light soaking, but very little change after that. According to the discussion in
the previous section, we believe that this change reflects a decrease in the minority carrier
collection. Furthermore, although little change is observed beyond 3 hours of light soaking at
200K, continuing changes are evident if we increase the temperature [see spectra recorded at
280K displayed in Fig. 13(b)]. That is, the hole collection fraction is reduced to a level too low
to easily detect after 3 hours of light soaking in our 200K measurement. However, the hole
collection fraction becomes larger with increasing temperature (see Fig. 10) so that we can

observe a continuing loss in hole collection at longer light soaking times in the higher
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temperature measurements. Indeed, by increasing the temperature to 320K we continue to
observe a decrease in the hole collection even after 100 hours of light soaking. At the present
time we are unable to propose any particular change in the electronic structure that may be
responsible, although Fig. 13(b) suggests that there may be an increase of the deep defect band

of these spectra a result of light soaking.

Finally, in Fig. 14, we display the results of drive-level capacitance profiling (DLCP)
measurements on this sample in State A, and after 1, 3, 10, and 30 hours of light soaking. In
these profiles very little change is observed. However, typically under the experimental
conditions employed (1.1kHz and 320K) these measurements would only be sensitive to defect
states shallower than about 0.60eV. Therefore, these would miss any response from deep states
within the a-Si:H component. Instead these profiles probably mostly reflect the shallow states of
the nc-Si component that give it its n-type character. This effective doping level is apparently

only very slightly modified by whatever light-induced changes are taking place.

6.0 SUMMARY AND CONCLUSIONS

During this second phase of our NREL Subcontract period we have focused primarily upon
the characterization of hydrogenated nanocrystalline Si (nc-Si:H) produced at United Solar
Ovonics Corporation. We applied both drive-level capacitance profiling (DLCP) and transient
photocapacitance (TPC) spectroscopy for this purpose, and this year’s annual report gives our
first results of this material. In addition, we examined a couple of amorphous germanium (a-
Ge:H) samples produced by the ECR method at lowa State University. Our studies in the latter
case confirmed the superior electronic properties of the Iowa State a-Ge:H material, both in
terms of the DLCP deduced defect densities, and the TPC deduced Urbach energies.
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In our DLCP studies of the nc-Si:H we found responding state densities in the 10" to 10'°
cm” range. However, very little temperature dependence was observed, indicating that the
majority of these are shallow donor-like states. For all 3 samples studied (two sandwich samples
with capping a-Si:H layers as well as one purely nc-Si:H p-i-n device) we observed that the
DLCP densities increased in the direction of film growth. This is consistent with observations at
USOC that the crystallinity size increases as the films become thicker. We are not certain at this
point whether this increasing DLCP density with thickness indicates an increasing density of
deep defects, or merely an increasing shallow donor density. Future work on nc-Si:H samples
with intentional hydrogen profiling during growth to maintain a more constant crystallite size

should help provide some additional insight into these issues.

The most informative studies of the nc-Si:H material, however, were based upon our TPC
spectroscopic measurements. Here, much to our surprise, we found that the TPC sub-band-gap
evolved from an appearance that agreed quite well at lower temperatures (200K) with previous
sub-band-gap spectroscopic studies on pc-Si:H using methods such as CPM, but became very
a-Si:H like in appearance at moderate temperatures (300K). This change in appearance is
believed to be a result of improving hole carrier collection as the temperature is increased which
then diminishes the photocapacitance response of the nc-Si:H component in these materials.
However, there is also an a-Si:H component in these nc-Si:H samples in which the hole carrier
collection remains relatively poor even as the temperature is increased. The TPC signal in that
component thus becomes dominant in the higher temperature regime even though its volume
fraction is undoubtedly fairly small. These results agree with recent x-ray diffraction
measurements taken by Don Williamson on the USOC nc-Si:H material [20]. More precise
quantitative estimates of the volume fractions involved, as well as the fraction of holes collected
in each component as a function of temperature, may be possible after we collect comparison

transient photocurrent (TPI) spectra for these samples over an extended temperature range.

Finally, we have begun to examine the effects of light-induced degradation in these nc-Si:H
materials. The DLCP measurements actually showed very little change with light soaking, even
after 100 hours at 100mW/cm®. However, significant degradation in the hole carrier collection
properties were observed in the TPC measurements. That is, as the degradation time was
increased we found that the TPC nanocrystalline signal increase monotonically, indicating a
monotonic decrease in the fraction of minority carriers escaping from the depletion region.
However, we did not observe any increase in any specific spectral feature or defect band that
might provide a clue for a mechanism that might be responsible for this loss of hole collection.
Examining the effects of light-induced degradation in more detail will certainly be a focus of our

work in the upcoming Subcontract year.
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